Introduction
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The submarine morphology of the Indian Ocean is dominated by three active ridge systems and several elevated aseismic ridges of various structure, age, and origin. In the north-west of the ocean the aseismic Mascarene Plateau, bearing at the north-west extremity the PreCambrian Seychelles Islands, is separated from the slightly more seismic Chagos-Laccadive Ridge by the northwest-southeast-trending Carlsberg Ridge. This active ridge member, which commences at the mouth of the Gulf of Aden, becomes the approximately northsouth-trending Central Indian Ridge near 0", 67"E. To the south this active system reaches a triple junction at 25.5"S, 70"E where it bifurcates into the Southeast and Southwest Indian Ridges.
Away from the triple junction the Southeast Indian Ridge trends to the southeast; only Amsterdam and the nearby now volcanically dormant St Paul Island reach the surface of the sea. It separates the aseismic Broken Ridge (or, more properly, plateau) and Ninetyeast Ridge from the Kerguelan Plateau and runs between Australia and Antarctica to terminate at the McQuarie triple junction. The Southwest Indian Ridge trends off to the south-west and separates the aseismic Madagascar Ridge and the aseismic discontinuous Crozet Plateau. West of Marion Island and especially near 27-28"E it is offset markedly to the south to rlln almost equidistant between the tip of southern Africa and Antarctica before terminating at the Bouvet triple junction in the far South Atlantic.
The contrast between the characteristics of the three main ridge systems in the Indian Ocean is marked. The Southeast Indian Ridge, which has the fastest spreading rate, is a generally low structure with relatively little seismic activity (Sclater et al. 1981 ; Fisher 1982; Weissel & Hayes 1972) . The only large transform faults and consequent great relief and deep fractures are confined to the ridge axis close to Amsterdam and St Paul Island (Fisher 1966) . On the other hand the better-explored Central Indian Ridge (Fisher, Sclater & McKenzie 1971) and the Southwest Indian Ridge (Sclater et al. 1981) are more active seismically and have numerous transform faults and deep fractures offsetting the ridge axis. The most spectacular of these displacements occur in the Southwest Indian Ridge between 28"E and 61"E where this ridge axis is offset left-laterally some 25" to the south (Fig. 1) .
The active ridges in the Indian Ocean mark the boundaries between the Indian, African, and Antarctic plates. In general, the motion between Africa and India was the first to be examined in a tectonically formal manner, in part resulting in the publications of Fisher et al. (1971) on the Central Indian Ridge and that of ), Schlich (1975 , and Norton & Sclater (1979) on the older portions of the ocean floor between Madagascar and the continental land mass of India and Sri Lanka. The motion between India, Australia and Antarctica also has been determined: the early studies of in the central Indian Ocean and. of Weissel & Hayes (1972) between Australia and Antarctica were extended by a major magnetic data analysis of Schlich (1975) in the Crozet Basin and by Sclater & Fisher (1974) and in the Central Indian Basin. The motion between Africa and Antarctica remained poorly understood. Norton & Sclater (1979) attempted a tectonic history of these two plates usirg the studies mentioned above, the motions of Africa and Antactica with respect to India and closure around the triple point of the three plates. Lacking a comprehensive study of the tectonic elements and magnetic lineations between Africa and Antarctica against which their history can be checked, this work is in some degree speculative.
During the past decade, with the aid of ships from the Scripps Institution of Oceanography and the Woods Hole Oceanographic Institution, the authors of this paper, in collaboration with several American colleagues at the Massachusetts Institute of Tech- (IPG) of the University of Paris employing Gallieni and later Marion Dufresne, have participated in a series of investigations of the Southwest Indian Ridge and the aseismic Madagascar and Crozet Plateaus. The immediate objectives of these studies have been to determine the present morphology, crustal composition, and structure of the Southwest Indian Ridge from the Indian Ocean triple junction to the Bouvet triple junction. These field observations led to the development of a tectonic hlstory of the separation of Africa and Antarctica, as well as establishing the structure of such extensive elevations as the Madagascar Ridge and the Crozet Plateau, elucidating their past as well as present relationships.
Several studies detailing facets of the joint programme have been published. Tapscott et al. (1980) have analysed in detail the morphology and magnetic pattern of the Indian Ocean triple junction at about 25"S, 70"E and from these characteristics have modelled the development of this junction through time. At the triple junction the Southwest Indian Ridge is spreading in a north-south direction. However, this ridge has a peculiar morphology, that of an elongated fan and triangular deep, with the triple junction at its apex, that extends west to about 61"E. The floor of the deep represents ocean floor created at the spreading centre. Sclater et al. (1981) have presented an Eocene to Recent development of the eastern portion of the Southwest Indian Ridge, between 55"E and the triple junction, and shown that it has evolved as a consequence of the rapid eastward movement of the triple junction. Their detailed bathymetric mapping demonstrated that west of this 'triangular province' the ridge is offset left-laterally at two huge deeps that mark transform faults at 61"E and 57"E; these north-south clefts were named after the research vessels that delineated them, Melville and Atlantis II, respectively. (Submarine feature names used in their paper are those that were proposed to, and approved by, the GEBCO Sub-committee on Geographical Names and Nomenclature of Undersea Features. In nearly every case these names also have been approved by the US Advisory Committee on Undersea Features of the US Board on Geographic Names.) These authors demonstrated that the complex topography of the Southwest Indian Ridge between 55"E and the triple junction could be accounted for by the rapid eastward migration of that junction between Eocene time and the present. In fact, the triple junction migrated eastward more than the Southwest Lndian Ridge separated the plates during this time span. G o s h et al. (1980) , Goslin, Recq & Schlich (1981) and Sinha, Louden & Parsons (1981) have examined the crustal structure of the Madagascar Ridge and have compared the provincial structure along this complex feature to that of the Crozet Plateau.
This paper is a companion to that by Sclater et al. (1981) . It presents a detailed topographic chart (Fig. 2a, b) of the ridge and bordering region between 35"E and 5S"E, in addition to a compilation of all the published magnetic anomalies in the same area and also magnetic data recorded in 1978 by RIVMelville of the Scripps Institution of Oceanography on Leg 8 of Expedition Indomed (Fig. 3a, b) . These data are supplemented by recent unpublished Atlantis I1 magnetic lines. Bathymetry and magnetic patterns are used with the relocated earthquake epicentres to determine the tectonic elements of the Southwest Indian Ridge between 35"E and 55"E. Older magnetic lineations either side of the ridge axis are identified south of Madagascar and north of Crozet. A history of the Southwest Indian Ocean from the Late Cretaceous (anomaly 34,80 Ma) to the present has been developed from these anomaly identifications and the morphology of transform faults and the fracture zones on the Southwest Indian Ridge.
An estimate of the reconstructed position of the African, Antarctic and Indian continents suggests possible positions in the original configuration of Gondwanaland. 5 56 Topography R. L. Fisher and J. G. Sclater Exploration carried out aboard Scripps Institution's RIV Melville on Leg 8 of Expedition lndonied in 1978 was designed to provide igneous rock samples, to bridge gaps in the underway topographic and magnetic profiling by IPG and South African vessels, and to delineate the extent and pattern of transform faults and spreading centres west of Atlantis I1 Fracture Zone on the Southwest Indian Ridge. This programme did accomplish the extension of the detailed survey of the Southwest Indian Ridge westward to 35"E, to the Prince Edward Fracture Zone first postulated by Heezen & Tharp (1965) and mapped in some detail by Bergli & Norton (1976, figs 1 and 2). Throughout this nearly 30" longitude west of Melville Fracture Zone the ridge crest apparently has been displaced, in major steps or by small increments of transform faulting, left-laterally in all instances. This constancy contrasts markedly with the assorted left-lateral and right-lateral offsets displayed by the southernmost transform faults of the Central Indian Ridge (Fisher et al. 1971 ; Fig. 2 , J-J' to Three major fracture zones and the segments of spreading ridge that lie between them as well as those between this trio and Prince Edward Fracture Zone to the west and Atlantis I1 Fracture Zone to the east, respectively, were delineated (Figs 1 and 2b). All three have relief of more than 4000m; the eastern one, at least, may serve as an additional route for deep water moving from the Crozet Basin through the Southwest Indian Ridge into the Madagascar Basin.
The westernmost of the trio, Discovery I1 Fracture Zone, named for the workhorse British Antarctic research vessel of 1929-195 1, appears on topographic evidence to be dual, with a very narrow 300km long spine (at the 1500m contour) lying between northnortheast-trending (= N 10"E) deeps. Thn central ridge or lip continues both north and south of the seismically active sector at depths of 2000-3000m, with more easterly trends. To the north it reaches above 36"S, nearly to the southern foot of the Madagascar Ridge; to the south it ends near the north-west flank of Del Cafio Rise. Relief of the major eastern member, which 'offsets' a well-developed spreading-centre segment, is more than 5300 m, with precipitous slopes that on the east flank reach a shoal depth of 260m. Basalt, diabase and serpentinites were recovered from 1500-1900m depths on this flank while farther down-slope, at 3700-4100 m levels, the predominant rocks dredged were gabbros, leucogabbros, diabase , and several large angular blocks of coarse-grained gneissic hornblende-rich mafics. Apparently, the Southwest Indian Ridge crest is displaced about 200km at that cleft and a smaller amount at the western member (Figs 2b and 3b ), but west of the pair the spreading centre crest is not well developed east of 40"E. Between Discovery I1 Fracture Zone and Prince Edward Fracture Zone there is one discrete shallower fracture zone, with a relief of 2500m in the active sector near 39"E, that has a trend of about N 15"E between 42"s and 45'30's. Almost along its projected trend, but well south of the active seismic sector, lie the Pleistocene alkali basalt-trachybasalt volcanic piles of Marion and Prince Edward (Verwoerd 1971) ; one of them, Marion, displayed volcanic activity in 1980 (I. 0. Norton, private communication).
Indomed Fracture Zone, named for Melville's 1978 exploration that established its dimensions and characteristics, clearly offsets very shoal segments of ridge crest that in this study are interpreted as obliquely trending elevations assembled from numerous short slightly offset east-west components. This interpretation is not obvious from topography alone (e.g. Fig. 1 ). The trend of Indomed Fracture Zone is very linear for more than 1000km, about north by east (-N 6'E), with slightly more easterly trends at the extremes.
Its southern terminus is the north slope of the extensive Del Cafio Rise. Throughout the N--N). Tectonic evolution of the SW Indian Ocean 557 central portion relief is nearly 3500m, from a V-shaped, almost unsedimented axis up to narrow discontinuous lips. The shoalest locality yet found in this region of the Indian Ocean, Melville Bank at 38"28'S, 46"46'E, reaches 103 m. It attests to major vertical displacements and removal of shallow layers in construction of the clefthip topography 15Okm north of the present spreading centre axis; from its rounded summit were dredged only coarse-grained lineated gabbroic anorthosite or anorthositic gabbro rich in hornblende.
The easternmost of this group, Gallieni Fracture Zone, is named for the French islandbase re-supply vessel that initiated yearly bathymetric and magnetic, and later gravity and seismic reflection profiling, programmes in the Southwest Indian Ocean in 1967. The cleft/ lips assemblage can be traced as a nearly straight, almost north-south feature for nearly 1100km; only the ends give any indication of a more easterly trend and that is slight. Slopes are precipitous between the active ridge crests, with a maximum relief of more than 6000 m. While deep slopes yielded serpentinized plutonic mafics and ultramafics, the shoal western lip yielded cobbled breccias of serpentinized mafic volcanics and plutonics in a coarse calcareous matrix resembhg beachrock, as well as dead gorgonian corals and branching coral, and starfish. Another discrete north-south fracture zone, with maximum relief of more than 4000 m and blocky elongated lips lies only 100 km to the east of Gallieni Fracture Zone. In this region of the Southwest Indian Ridge such massive shoal lips and short, poorlydeveloped spreadingcentre segments give a pronounced north-south grain overall, at least at the 3000-4000m levels ( Fig. 1) .
In addition to elucidating the detailed structural pattern of the active Southwest Indian Ridge over nearly 30" of longitude, this study included examination of the seafloor morphology between and adjoining southern Madagascar and the Crozet Plateau (Figs 1 and 2a,  b) . Discussions of the shallow structure of the Madagascar Ridge (Goslin et aZ. 1980 ) and its deeper oceanic-overall structure (Goslin et al. 1981; Sinha et al. 1981) , both based largely on joint Marion Dufresne-Melville exploration in 1978, have been published. This mid-depth feature and the corresponding Crozet Plateau south of the Southwest Indian Ridge comprise massive elevations with respect to the adjoining ocean floor. The seafloor (and basement depth) between them is elevated with respect to ocean floor of equivalent age elsewhere. For example, the mean height of the axial region of the Southwest Indian Ridge between the Prince Edward and Gallieni Fracture Zones is nearly everwhere shallower than 2000 m ( Fig.  1 ) and in some cases the peri-axial ridges reach an elevation of less than 1OOOm below sealevel (Fig. 2b) . The region in general has a significant residual depth anomaly of 1000-1500m (Anderson, McKenzie & Sclater 1973) . Roufosse et al. (1981) have noted that along the Southwest Indian Ridge between 35"E and 55"E there is a 10-14 m positive anomaly in the residual geoid heights determined by filtering and processing CEO 3 satellite observations; they attribute these large departures to convectively maintained density anomalies below the lithosphere.
Another major topographic feature appears along the western extremity of Figs 2(a) and 2(b). It is the Mozambique Escarpment that forms the eastern slope of the massive Mozambique Ridge. The obvious break in levels can be followed south-southwestward to about 41"30'S, 32"45'E where it joins the north-east extreme of the poorly-developed 'Mozambique Fracture Zone' recognized in this locality by Heezen & Tharp (1965) . This very long compound zone of dislocation ( Fig. 1, inset ) apparently bears an en echelon relation to the better-developed Du Toit Fracture Zone that intersects and offsets the ridge crest near 27-28"E but northward ends against the south extension of the Mozambique Ridge (Fig.  1 ). These fracture zones and their extension into Agulhas Basin south of Mozambique Ridge have considerable tectonic significance. It is probable they mark flow lines for the relative motion of Antarctica with respect to Africa from the time of early opening until the present.
Magnetic anomalies and seismicity
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T H E D A T A C O M P I L A T I O N
All available Scripps Institution of Oceanography, Woods Hole Oceanographic Institution, and Lamont-Doherty Geological Observatory magnetic anomaly data for the region 19"s to 47"S, 34"E to 56"E and its environs were compiled. The International Geomagnetic Reference Field (IAGA 75) was removed from those values and the residual anomalies plotted at right angles to ships' tracks ( Fig. 3a, b ). To this compilation were added digital South African data, taken by R/V Thomas A. Davie and R/V Meiring Naude and provided by E. S. W. Simpson of Cape Town University. The data were processed in the manner described above except that 500 gamma was added to the Meiring Naude values to shift the zero line for the residual anomalies closer to the tracks (the 500gamma offset in the original data is related to the poor fit of IAGA 75 in this area). Finally, data compiled independently:
(a) east of the Prince Edward Fracture Zone by Bergh & Norton (1976) , (b) in the Mozambique Basin by SCgoufin (1978) , and (c) in the Madagascar and Crozet Basins by Schlich (1975) were added. Relocated earthquake epicentres provided by the International Seismological Society (ISS were plotted on the magnetic anomaly compilations to aid in identifying the location and trends of the active spreading centres and transform faults.
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From topography (Fig. 2b) , the epicentres plotted for this study, and the magnetic anomaly data of Bergh & Norton (1976) , there is little question of the axial position between 35"E and 40"E ( Fig. 3b) . However, between 40"E and 45"E there are very few lines crossing the ridge; from their alignment the ridge axis is difficult to locate. East of 45"E there was a more intensive effort on Indomed 8 to locate the axis; as a consequence of that work the axis is rather definitely located between 45"E, the Gallieni Fracture Zone at 52"E, and even to the Atlantis I1 Fracture Zone just east of this study area (Fig. 3b ).
Prmcipal objectives of Indomed 8 exploration were to identify the axis of spreading, to delineate transform faults and their associated fracture zones, and to sample the rocks exposed on steep scarps in those zones. However, one long baseline or anchor profile for dating purposes was run at 46"E+, parallel to and just west of Indomed Fracture Zone (Fig. 3b ). On this line one can identify, surprisingly clearly for such a slow-spreading ridge, almost all of the anomalies between the spreading centre and anomaly 22 near 35"S, 46"E ( Fig. 4a ). It appears that the spreading rate in the region of the Southwest Indian Ridge is slightly less than 1 cmyr-' to anomaly 12 or 13 time and probably slightly greater than 1 cm yr-' earlier.
Employing such apparent spreading rates, an attempt was made to interpret the obvious magnetic anomalies recorded by French workers (e.g. Patriat 1979) on profiles north of the Crozet Archipelago (Fig. 3b ). For GA 3-29 and MD 1-19 there is a reasonably good match to a synthetic model that assumes a spreading rate of slightly greater than 1 cmyr-', if the pronounced anomalies are 18-23 on both profiles and probably 24,25 and 26 on MD 1-19 (Fig. 4b ). Using this interpretation as a base, one can tentatively identify anomaly 13 further to the north on the same profiles. The fact that this anomaly lies at the same distance south of the ridge axis as the corresponding anomaly identified on the Indomed 8 line only 4" to the west provides further evidence supporting this conclusion. The identification of the anomalies and the apparent spreading rates as here determined for this portion of the Southwest Indian Ridge are almost identical to those determined by LaBrecque & Hayes (1979) on the same ridge farther west, in the Agulhas Basin. However, they are rather different than the interpretation of Bergh & Norton (1976) for the anomalies just east of the Prince Edward Fracture Zone. Hence, in this study an attempt was made to reinterpret the younger suite of Bergh & Norton's anomalies. There is a good match to the present interpretation of the Indomed 8 baseline if a small ridge jump is assumed to have occurred between the times of anomalies 13 and 18 on two or three of their more westerly profiles (Figs 3b and 5a ). Anomalies 18,20,21 and possibly 22 or 23 were identified on one profie. These plot close to, but not exactly at, the same distance from the ridge axis as on the Indomed 8 line.
Both north and south of the Southwest Indian Ridge east of the Prince Edward Fracture Zone Bergh & Norton (1976) and Bergh & Barrett (1980) have identified suites of heated anomalies, with the oldest being a clear anomaly 34. The distance between each of these two sets of anomalies and the ridge axis between them is close to that observed by LaBrecque & Hayes (1979) for the corresponding anomaly just east of the Bouvet triple junction. Furthermore, if a fracture zone is postulated to offset the LaBrecque & Hayes data at anomaly 26 time, it is possible to interpret the spreading rates for anomalies 30-34 identified by Bergh & Norton (1976) to give vdues similar to those of LaBrecque & Hayes. Between anomalies 28 and 33 the rates is 2.1 cmyr-' and from 33 to 34 about 3.8 cmyr-' (Fig. 5b) . The rate changes occur at the same times, but the apparent rates of spreading are somewhat slower than those reported by LaBrecque & Hayes.
MAGNETIC ANOMALIES I N THE MOZAMBIQUE, MADAGASCAR A N D CROZET BASIN
Within the bounds of the present Fig. 3(a) , magnetic anomalies in the Mozambique Basin have been identified and reported by SBgoufin (1978) and Simpson et aL (1979) . The compilation and identification of Mesozoic anomalies M2 to M22 show an offset of the suite 1" left-laterally along 39"E, with no obvious topographic expression (Figs 2a and 3a) . The spreading rate for anomalies M2 to M8 is similar to, though not exactly the same as, those same anomalies identified off Dronning Maud Land by Bergh (1 977).
In the Madagascar Basin south and west of Mauritius and Rkunion, Schlich (1975) has identified anomalies 22-33 with an approximately N 45"W orientation; his interpretation is plotted on Fig. 3 . Norton & Sclater (1979) identified one anomaly 34 east of southern Madagascar at 23'30's; 49"E; another here is identified at 27"S, 49"E just east of the Madagascar Ridge. Finally, Goslin et al. (1980) report anomalies 19-24, trending almost east-west, as existing from 35"s to 33"s near 49"E; this suite derives from spreading on the Southwest Indian Ridge.
In the central Crozet Basin, Schlich (1975) has identified anomalies 22-33 and three major north-northeast trending fracture zones that show up as positive anomalies on the residual profiles (Fig. 3b) . The present examination adds little that is significant to Schlich's work and only confirms his anomaly and fracture zone identifications. On the other hand, north of the Crozet Archipelago this study found the interaction of spreading on the Southwest Indian Ridge with that from the Southeast Indian Ridge. A northwesterly-trending anomaly 30 near 44"S, 50'E lies very close to a series of east-west-lineated anomalies, of which the earliest here identified is anomaly 26 at 43"S, 51'E. This region clearly is the junction of oceanic crust created by two different spreading centre systems.
Summary of tectonic elements
The trends and extents of the spreading centres and transform faultslfracture zones shown on Figs 2 and 3, and the magnetic anomaly age identifications leading to this interpretation, are summarized on a tectonic chart (Fig. 6) . Consideration of the topographic, magnetic and seismicity data together, in the light of the distribution of ships' tracks, provided no compelling evidence of oblique spreading in the region between the Prince Edward Fracture Zone and the Gallieni Fracture Zone. Locally, in areas marked by a dashed rectangle on Fig. 6 , the position of the ridge crest was not precisely determined; there oblique spreading is possible. However, the absence of such spreading elsewhere is evidence that this is unlikely.
S O U T H W E S T INDIAN R I D G E
Each of the six major fracture zones from the Prince Edward near 35"E to the Atlantis I1 near 57"E fits into a progression in which each zone's characteristic trend, since anomaly 13 time (35 Ma) at least, becomes more nearly north-south. At 35"E the active segment of the transform fault trends about N 15"E; by the Gallieni Fracture Zone at 52"E it is only very slightly east of north. On the inactive sections to the north and south there is some evidence that their trends become more easterly. This change is particularly well shown by the narrow ridge west of, and parallel to, the deeper cleft of Discovery I1 Fracture Zone.
In the Mozambique Basin a similar north-by-northeast trend in Late Cretaceous time for the buried fracture zone near 35"S, 40"E is shown by residual magnetic anomalies identified as [32] [33] [34] . On the other hand, just southeast of the Madagascar Ridge the trend of the northern section of Indomed Fracture Zone at the time of anomalies 19-22 (44-53 Ma) appears to be almost due north. Clearly, the general trend of the fracture zones for the past 80Ma has been within a few degrees of the N 10'E direction approached by the present transform faults, but over this time span there have been small but significant deviations from this direction. 
SPREADING ON THE C E N T R A L A N D S O U T H E A S T INDIAN RIDGES
From anomaly 19 time (44Ma) to the present, spreading on the Central Indian Ridge has been west-by-southwest (Sclater et al. 1981) . At the time of anomaly 19 there was an abrupt change in spreading direction from one much closer to south-west, and the earlier spreading rate decreased significantly (Schlich 1975) . The Southeast Indian Ridge spread in a southwest-northeast direction from anomaly 19 (44 Ma) to the present. It too changed in spreading direction at the same time as the Central Indian Ridge, from one of south-by-southwest, and the spreading rate also decreased (Schlich 1975) .
The present study of the Southwest Indian Ridge did not reveal evidence for a like change either in spreading rate or direction of anomaly 19 time. There is an indication of a decrease in spreading rate during anomaly 13 time (Fig. 4a) , but there is no obvious indication of an accompanying change in trend of the fracture zones then (Figs 2 and 3) . Whatever was responsible for the abrupt change in plate motions in the central Indian Ocean in Middle Eocene time did not affect significantly the motion between Antarctica and Africa.
The relative motion of Antarctica with respect to Africa
THE AFRIC A / A N T ARCTIC A PLATE B O U N D A R Y
Four sets of magnetic lineations between 37"E and 52"E, for which each corresponding anomaly was at the same distance from the ridge axis, were plotted, distance versus age (Fig.  7a) . From anomaly 13 (35 Ma) to the present the four sets have an average spreading rate of 0.8 cm yr-', between anomalies 28 (64 Ma) and 13 an average rate of 1.2 cm yr-', and earlier thail anomaly 30 time the rate appears to average 3.25 cmyr-'. Between 1O"E and 25"E, from just east of the Bouvet triple junction to the Agulhas Basin, LaBrecque & Hayes (1979), Norton & Sclater (1979) , and Bergh & Barrett (1980) have identified magnetic anomalies either side of the Southwest Indian Ridge. Plotting anomaly age versus distance from their respective axes of spreading (Fig. 7b) indicates rates of spreading between anomaly 28 and the present that are very close to those observed for the suites of anomalies identified between 37"E and 52"E. Earlier than anomaly 28 time the data near Bouvet indicate a greater rate of spreading than thereafter, but it is not as fast as that farther to the east.
The similarities in spreading-rate behaviour suggest that the Southwest Indian Ridge has been a single plate boundary between Africa and Antarctica from the time of anomaly 28 (64Ma) to the present. Furthermore, it is probable that the ridge was also a single plate boundary earlier than 64Ma as the abrupt change in spreading rate between anomalies 34 (80 Ma) and 30 (66 Ma) is mirrored in the two groups of anomalies.
The difference in separation of anomalies 32 (70Ma) and 34 (80Ma) could be caused either by small misestimates of the position of the ridge axis corresponding to the various anomalies and/or a southward jump, between the times of anomalies 28 (64Ma) and 22 (53Ma), of the spreading centre lying just east of the Prince Edward Fracture Zone. At present it is not possible to select properly one of these two simple explanations of the differences. In the rest of this paper it is assumed on the basis of data presented above that Africa and Eastern Antarctica have been rigid plates between 80Ma (anomaly 34) and the present. This enables one to draw conclusions of broad interest to the southern oceans from a relatively limited study of the area between Madagascar and Crozet. From Fig. 3, fig. 1 of Sclater et al. (1981) and LaBrecque & Rabinowitz (1981) for the Southwest Indian Ridge near Bouvet triple junction, individual crossings of nine major fracture zones were digitized (Table 1) . A search method involving minimizing latitudinal offsets about a pole of rotation was applied to these fracture zones to calculate a best-fit pole (Fig. 8) . The ellipse given by the upper 90 percentile based on the sum of the variances was taken as an estimate of the error of this pole. The best-fit pole lies very close to that Figure 8. Ellipses of confidence for best-fitting poles (see Table 1 ): (a) for currently active sectors of nine transform faults on the Southwest Indian Ridge (continuous ellipse; open circle marks the best-fit pole), and (b) for those parts of three of these fracture zones that were formed during anomalies 6-22 time (dashed ellipse; the asterisk marks this best-fit pole). The open triangle marks the position of the finite rotation pole for the motion of the Africa and Antarctic plates between 80Ma (anomaly 34) and the present. 566 determined previously by Sclater etal. (1981) and by Tapscott etal. (1980) on a similar but somewhat less well-documented data set. The pole position determined from the previous data set is 8.4"N, 42 .4"W; it lies very close to the centre of the ellipse. For the purposes of reconstruction it is here assumed that this pole position yields the direction of motion on the Southwest Indian Ridge between the present and 20Ma (anomaly 6). It was noted above that the trends of Indomed Fracture Zone and the ridge-and-trough of Discovery I1 Fracture Zone display more easterly directions on seafloor older than anomaly 6 (20 Ma). This change in direction is strikingly similar to the change observed to have taken place at the same time on the Shaka Fracture Zone offsetting the Southwest Indian Ridge near 10"E (Sclater et al. 1978; Norton 1978; LaBrecque & Rabinowitz 1981) . Digitized data from these three fracture zones for this older interval (Table 1 ) and the minimumvariance search routine were used to calculate a best-fit pole and an ellipse of confidence for the time span between 20 and 53Ma. The ellipse is quite tight and does not significantly overlap that for the present; the older pole appears to be near 2"S, 20"W (Fig. 8) . This pole R. L. Fisher and J. G. Sclater is taken to give the direction of relative motion of Antarctica with respect to Africa from anomalies 6 to 22 .
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Tectonic evolution of the SW Indian Ocean
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POLES O F R O T A T I O N : P R E S E N T A N D A T T H E TIME O F A N O M A L I E S
In an analysis of the tectonic history of the southern oceans, Norton & Sclater (1979) reported a suite of poles representing the total rotation between the African and Antarctic plates since the time of anomalies 22, 28 and 34 (53, 64 and 80Ma, respectively). The present discussion of plate rotation takes as a point of departure the comparison of the herereported pole for motion since anomaly 22 time with that reported by Norton & Sclater and, further, examines how their other poles of total rotation fit the trends of the recently delineated fracture zones on the Southwest Indian Ridge and the older magnetic anomalies as noted on Fig. 6 .
Rotating the active portion of the Prince Edward, Discovery I1 and Indomed Fracture Zones to the north about the pole corresponding to anomaly 22 reported by Norton & Sclater (1979) did not produce a good fit to the observed data (Fig. 9, 22 1) . However, rotating those three fracture zones to the north and GaUieni Fracture Zone to the south about the anomaly 22 (53 Ma) pole determined above (Table 2a) gave excellent fits to the positions of the observed anomalies and the trends of the fracture zones (Fig. 9,22 3 ). This pole clearly is superior to that of Norton & Sclater (1979) .
Anomaly 34 (80Ma) has been observed both north (Bergh & Norton 1976 ) and south (Bergh 1977) of the Southwest Indian Ridge in the vicinity of the Prince Edward Fracture Zone. Additionally, the offset of anomaly 34 in the Mozambique Basin recognized by Bergh & Norton (1976) almost duplicates the present offset in the ridge axis at this fracture zone. These observations prompted a trial-and-error endeavour to determine a best-fitting pole for this anomaly, by attempting first to superimpose the two locales of anomaly 34 and then to match the currently active segment of the Prince Edward Fracture Zone to the offset of anomaly 34. The ridge axis and the anomaly south of the ridge axis were rotated north by the angle calculated by Norton & Sclater (1979) and listed here in Table 2 (b). The rotated positions of the anomalies from the south and the ridge axis lie southand east of the observed positions of anomaly 34 to the north of the ridge axis (Fig. 9, 34 1) . To move the rotated points to the west and north requires a more southerly pole position and a greater angle of rotation. The pole position for anomaly 16 (39 Ma) given by Norton & Sclater (1979) Table 1 ).
No. on Jurassic fit pole and the pole for the present determined earlier in this section. It was taken as the pole position for the second trial and the angle of rotation was increased 2.8". On that trial the rotated ridge axis and anomalies lay too far to the north (Fig. 9,342) . Finally, the two poles and two rotation angles, respectively, were averaged (Table 2b) , resulting in a much better fit (Fig. 9,34 3) . In applying a like procedure with the active portion of the Prince Edward Fracture Zone to determine the post-anomaly 28 time pole for Africa with respect to Antarctica, anomaly 28 was assumed to lie halfway between anomalies 22 and 32 in the Mozambique Basin. Thus the northern end of the rotated fracture zone should lie somewhere between the positions of anomalies 22 and 32. The position (Fig. 9,28 1) found by employing the rotations given by Norton & Sclater (1979) i s too close to anomaly 22. Calculating the stage pole between anomalies 22 and 34 and using it to compute the appropriate total pole gave a better estimate for the likely position of the fracture zone at the time of anomaly 28. Unfortunately, the projected position of anomaly 28 north of the Gallieni Fracture Zone overlapped anomaly 29 from the Central Indian Ridge; south of the fracture zone it lay very close to anomaly 30 (Fig. 9, 28 2). Keeping the same pole but reducing the angle of rotation by logives a more acceptable position (Fig. 9, 283 ) and also permits a ridge jump in the region north of the Prince Edward Fracture Zone between the time of anomalies 22 and 28 as postulated by Bergh & Norton (1976) . This revised pole and angle have been used throughout the rest of this paper. Since there are no direct observations/data, i.e. identified anomalies, against which to check this pole, it should be considered as speculative at best. It has been included in the present analysis to aid reconstruction of the Southwest Indian Ridge for that time between anomaly 34 (80 Ma) and anomaly 22 (53 Ma) when the Crozet Plateau -and specifically Del CaI?o Rise -abutted the southern end of the Madagascar Ridge.
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M A T C H B E T W E E N O B S E R V E D A N D M O D E L L E D I S O C H R O N S
In the analysis above, total poles and rotation angles were calculated for relative motion between Africa and Antarctica for the times between the present and 20Ma (anomaly 6), 53 Ma (anomaly 22), 64 Ma (anomaly 28) and 80 Ma (anomaly 34), respectively. In addition, a pole and rotation angle for the motion between the present and 35 Ma (anomaly 13) was computed from the latest two of those poles and the distance of anomaly 13 from the present-day ridge axis. All these total poles are listed (Table 3) . Employing half the total poles, a digitized version of the present ridge axis was rotated about the present position to obtain positions for the 20, 35, 53, 64 and 80 Ma isochrons as predicted by this model. The point of offset in each of the isochrons at the several transform faults gives the modelled position of the individual fracture zones at that point in time. Hence, connecting the points of offset gives the apparent flow lines on a given plate. Fig. 6 shows the modelled isochrons superimposed on the tectonic chart. The match to the observed anomalies out to anomaly 22 is good; so is the match of the predicted and observed trends on the major transform faults. Especially close agreements between model and observation are the N 15"E trend on Discovery I1 Fracture Zone and the essentially north-south trend of Atlantis II Fracture Zone. The match at Anomaly 34 is not very satisfactory; however, in the south-western Madagascar Basin another spreading regime applies and in the southern Mozambique Basin the trend and offset of the buried fracture zone has been duplicated. As small ridge jumps almost certainly have occurred between anomalies 22 and 34, the mismatches on the position of anomaly 34 are not considered to be serious. The anomaly 28 pole does not produce a particularly good match to the expected positions of the anomalies, but this possibility was foreseen in the discussion above of its derivation. One of the principal determinants of these anomaly 13 (35 Ma) and anomaly 22 (53 Ma) poles was the trend on the Shaka Fracture Zone near 5S"S, 12"E, about 10" to 12"east of the Bouvet triple junction. Superimposing the modelled isochrons for 20,35 and 53 Ma on a topographic chart of the fracture prepared by Norton (1978) , one notes that the rotated positions of the offset on the Shaka transform fault accurately portray the actual topographic trend of Shaka Ridge and its fracture zone (Fig. 10) . Matching the modelled trends on Shaka, Discovery 11, Indomed and Atlantis I1 Fracture Zones -that together cover more than 45" of latitude on the Southwest Indian Ridge -derived from those anomalies 6 and 22 poles supports the assertion that both poles are reasonably sound and SO is the anomaly 13 pole computed from them. In an independent study, Joann Stock has computed poles and rotation angles for Africa with respect to India and for India with respect to Antarctica for the time of anomaly 13 (35 Ma). Her pole-by-difference (Table 3) for Africa with respect to Antarctica (Joann Stock, private communication) lies within 6" of that pole as here computed, again providing evidence of its reliability.
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Tectonic development of the Southwest Indian Ocean: Late Cretaceous (80 Ma) to the present In a companion paper, Sclater et al. (1981) argued that complex morphology of the northwest part of the Southwest Indian Ridge east of Atlantis I1 Fracture Zone was a consequence of the rapid eastward migration of the Indian Ocean triple junction from 44Ma (anomaly 19) until the present. This paper extends the analysis back to 80Ma (anomaly 34) and suggests that similar eastward movement of this triple junction earlier and the concomitant development of the Southwest Indian Ridge can account for the major tectonic/topographic features of the Southwestern Indian Ocean. As in the companion paper, three rigid plates bearing Africa, Antarctica and India have been assumed and quantitative reconstructions have been produced using formally determined poles and rotation angles that describe the motion of the three plates with respect to each other. Africa was assumed fixed and the Antarctic and Indian plates were rotated back towards Africa.
POLES O F ROTATION: S O U R C E S
In this study it has been found that between the time of anomaly 34 (80 Ma) and the present the reliable poles describing the motion of Antarctica with respect to Africa have had a total excursion of less than 15". Furthermore, the average of these poles lies 10" closer to the anomaly M1 (1 15 Ma) and total fit poles given by Norton & Sclater (1979) than the values computed by those authors using the difference between the motions of Africa and Antarctic with respect to India ( Table 4 ). The consistent trends in the fracture zones presented here are evidence that over the entire history of the Southwest Indian Ocean the pole of rotation of Antarctica with respect to Africa has wandered relatively little in its position. This observation, which simplified the motion of the plates with respect to each other, requires a different approach than that of Norton & Sclater (1979) when examining the tectonic history of the ocean. First, as it has the smallest polar excursion, the motion of Antarctica with respect to Africa should be the starting point, Secondly, since the motion of India with respect to Antarctica is better constrained than that of India with respect to Africa, the motions of Africa and India individually with respect to Antarctica should be used to determine by closure the motion of India with respect to Africa. This procedure was followed; for the motion of Africa with respect t o Antarctica the poles and rotation angles from the 
T H E R E C O N S T R U C T I O N S
For each reconstruction the position of an isochron older than the time of that reconstruction was determined by rotating the ridge axis through plus-and-minus half the appropriate total pole for the relevant plate boundary ( Table 3 ). The major topographic features, the magnetic anomalies as identified and the isochrons then extant were rotated back toward Africa using the appropriate total poles. This removes the crust created subsequent to the time of the reconstruction in question. The 80, 64 and 53Ma isochrons were added by hand. The apparent reliability of the reconstructions can be gauged by examining how well the modelled isochron matches an observed anomaly at the appropriate time. The overall match is of the order of one degree and, given the limited data from which the poles were determined, it is more than adequate to demonstrate the development of the Southwest Indian Ocean for the past 80Myr. In this discussion the individual reconstructions are presented from the earliest, 80Ma, to the present. Hence, the various structural and topographic elements can be introduced at the point they apparently were created. Shortly before 80Ma the ridge axis that had existed north of Madagascar (SCgoufin & Patriat 1980) jumped south, changed direction, and commenced to separate Madagascar from India (Fig. 1 la) . A RRR (Ridge-Ridge-Ridge) triple junction was created at the southeastern extremity of Madgascar Ridge, joining the newly formed Central Indian Ridge spreading centre to the already active Southwest and Southeast Indian Ridges that had been separating India from Antarctica. This triple junction proceeded to migrate eastward. Given the position of this triple junction and the Southwest Indian Ridge of 80 Ma, it is probable that at least that portion of the Madgascar Ridge now south of 28"s was created after the birth of the Central Indian Ridge and is oceanic in origin. Seismic refraction observations on the Madagascar Ridge reported by Goslin et al. (1981) and Sinha et al. (1981) support its oceanic-type crustal structure overall. The modelled position of the Southwest Indian Ridge and the position of anomaly 34 on the 80 Ma reconstruction (Fig. 1 la) lie almost midway between the older Mesozoic anomalies in the Mozambique Basin and those north of Dronning Maud Land, Antarctica. Both sets of lineation almost certainly were created by the same proto-Southwest Indian Ridge during the early opening of the southern oceans. In this connection, the symmetry of the ridge axis, the magnetic anomalies, and the continents is well-displayed by the 80 Ma reconstruction of the entire southern ocean later presented (Fig. 12) .
From 80 to 64 Ma India and Madagascar continued to separate, as did India and Antarctica. The triple junction moved both east and south. In the Southwest Indian Ocean the southern part of the Madagascar Ridge and probably some part of the present Del Can0 Rise were created (Fig. 1 Ib) . The eastern member of 'Crozet Plateau' that bears that island group also may have been formed at this time, but there is evidence from radiometric dating (Girod & Nougier 1971 ) that the islands themselves and very likely the base supporting them are much younger.
By 53 Ma (Fig. 1 lc) India had separated farther from Madagascar and Antarctica, and the triple junction had moved further east and to the north. By this time most of Madagascar Ridge, including the very shallow Walters Shoal near the present southern end, and nearly all of Del Cafio Rise had been created. As noted in the section earlier on tectonic elements, at about 44Ma (anomaly 19) the spreading directions on both the Central Indian Ridge and the Southeast Indian Ridge changed abruptly to directions about 30" more easterly than had pertained previously, and the spreading rates decreased. No contemporaneous change in spreading direction or rate can be detected on the Southwest Indian Ridge. The most obvious developments near the ridge's axis is the formation of the western part of Del Caf~o Rise and its separation from Madagascar Ridge by 35 Ma (Fig. 1 Id) . Neither of these phenomena here can be linked to the changes in the regimens of the Central and Southeast Indian Ridges. Sclater etal. (1981) and Tapscott et al. (1980) reported in detail the p o s t 4 Ma (anomaly 19) development of the Southwest Indian Ridge east of Atlantis I1 Fracture Zone at 57"E.
They demonstrated that the obvious V or wedge in the relief of that ridge as it approaches the more normally lineated Southeast and Central Indian Ridges results from the rapid eastward migration of the Indian Ocean triple junction with respect to the African plate. Reconstructions for two points in this time span, 20Ma and the present, complete this evolutionary review. The platform supporting the islands of Marion and Prince Edward may have been created between 35Ma (anomaly 13) and 20Ma (anomaly 6 ) , but the islands, themselves are much younger (Girod & Nougier 1971 ; Verwoerd 1971) . It is probable that the extensive lineated ridges lying to the west of Discovery I1 and Gallieni Fracture Zones were initiated over this time span, with the former starting the earlier and being better developed. The spatial relation of this spine to Madagascar Ridge, to which it resembles an attenuated extension, is striking. Another topographic observation, not here resolved, is the previously noted elevation of all of the seafloor younger than 53 Ma (anomaly 22) in the region between Madagascar Ridge and the Crozet Plateau relative to that associated with the custornaly mid-ocean ridge of comparable age. This anomalous elevation occurs in the sector limited by Prince Edward Fracture Zone on the west and Gallieni Fracture Zone on the east (Fig. 1) . It thus seems related to the two features but since it also is associated with a large positive anomaly in the geoid it may have a sub-lithospheric origin (Roufosse et al. 1981 ).
The present study indicates that Africa and East Antarctica probably have each been single rigid plates from Late Cretaceous time to the present and that the pole of relative motion describing the movements of those plates at intervals in this span has changed relatively little in the last 80Myr. Incorporating that interpretation, Fig. 12 shows the reconstructed positions of the continents bordering the Southern Oceans 80 Ma. This portrayal in general supports the post-80 Ma tectonic history for the Southern Oceans presented by Norton & Sclater (1979) . More importantly, the symmetrical placement at this anomaly 34 time of the earlier Mesozoic anomalies in the Mozambique Basin and off Dronning Maud Land relative to the ridge axis implies that the relative motion between Africa and Eastern Antarctica may have been as simple from initial opening to 80 Ma as it appears to have been since Late Cretaceous. Even though there are no identifiable magnetic anomalies between 110 and 80 Ma, it may be possible to examine this early history in some detail by delineating the outer reaches of the fracture zones detected south of Mozambique Ridge in the Agulhas Basin: Du Toit Fracture Zone and 'Mozambique Fracture Zone' are two such.
Rather straightforward extensions of the analysis presented here should make it possible to prepare reliable plate tectonic reconstructions of the combined Atlantic and Indian Ocean regions almost since Early Cretaceous time. Major questions yet to be faced for a quantitative tectonic history for the Southern Oceans are: (a) extension of this Indian Ocean evolutionary history back to initial opening in the Middle Mesozoic and (b) the production of a formal plate tectonic history of the Southeast Pacific and the Scotia Sea. As had been acknowledged in the present study, both involve long-term multilaboratory cooperative field effort to secure carefully chosen and significant track lines.
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